Martens CJ, Inglis SK, Valentine VG, Garrison J, Conner GE, Ballard ST. Mucous solids and liquid secretion by airways: studies with normal pig, cystic fibrosis human, and non-cystic fibrosis human bronchi. Am J Physiol Lung Cell Mol Physiol 301: L236 -L246, 2011. First published May 27, 2011 doi:10.1152/ajplung.00388.2010.-To better understand how airways produce thick airway mucus, nonvolatile solids were measured in liquid secreted by bronchi from normal pig, cystic fibrosis (CF) human, and non-CF human lungs. Bronchi were exposed to various secretagogues and anion secretion inhibitors to induce a range of liquid volume secretion rates. In all three groups, the relationship of solids concentration (percent nonvolatile solids) to liquid volume secretion rate was curvilinear, with higher solids concentration associated with lower rates of liquid volume secretion. In contrast, the secretion rates of solids mass and water mass as functions of liquid volume secretion rates exhibited positive linear correlations. The y-intercepts of the solids mass-liquid volume secretion relationships for all three groups were positive, thus accounting for the higher solids concentrations in airway liquid at low rates of secretion. Predictive models derived from the solids mass and water mass linear equations fit the experimental percent solids data for the three groups. The ratio of solids mass secretion to liquid volume secretion was 5.2 and 2.4 times higher for CF bronchi than for pig and non-CF bronchi, respectively. These results indicate that normal pig, non-CF human, and CF human bronchi produce a high-percent-solids mucus (Ͼ8%) at low rates of liquid volume secretion (Յ1.0 l·cm Ϫ2 ·h Ϫ1 ). However, CF bronchi produce mucus with twice the percent solids (ϳ8%) of pig or non-CF human bronchi at liquid volume secretion rates Ն4.0 l·cm Ϫ2 ·h Ϫ1 .
-To better understand how airways produce thick airway mucus, nonvolatile solids were measured in liquid secreted by bronchi from normal pig, cystic fibrosis (CF) human, and non-CF human lungs. Bronchi were exposed to various secretagogues and anion secretion inhibitors to induce a range of liquid volume secretion rates. In all three groups, the relationship of solids concentration (percent nonvolatile solids) to liquid volume secretion rate was curvilinear, with higher solids concentration associated with lower rates of liquid volume secretion. In contrast, the secretion rates of solids mass and water mass as functions of liquid volume secretion rates exhibited positive linear correlations. The y-intercepts of the solids mass-liquid volume secretion relationships for all three groups were positive, thus accounting for the higher solids concentrations in airway liquid at low rates of secretion. Predictive models derived from the solids mass and water mass linear equations fit the experimental percent solids data for the three groups. The ratio of solids mass secretion to liquid volume secretion was 5.2 and 2.4 times higher for CF bronchi than for pig and non-CF bronchi, respectively. These results indicate that normal pig, non-CF human, and CF human bronchi produce a high-percent-solids mucus (Ͼ8%) at low rates of liquid volume secretion (Յ1.0 l·cm Ϫ2 ·h Ϫ1 ). However, CF bronchi produce mucus with twice the percent solids (ϳ8%) of pig or non-CF human bronchi at liquid volume secretion rates Ն4.0 l·cm Ϫ2 ·h Ϫ1 .
asthma; submucosal glands; mucus; mucin; cystic fibrosis transmembrane conductance regulator A PROMINENT FEATURE OF SOME airway diseases, notably cystic fibrosis (CF) and status asthmaticus, is the production of an obstructive airway mucus with a high concentration of nonvolatile solids, a complex mixture of biomolecules and inorganic salts. Sputum from CF patients contains Ͼ10% solids (8, 23, 26) , and sputum produced by asthmatic patients is reported to be 7-8% solids (11) . The percent solids in mucus produced by normal, undiseased human airways is difficult to determine, since healthy persons do not produce sputum; however, chronic bronchitis (23) and bronchiectasis (8) patients produce sputum that is ϳ6% solids, and mucus collected directly from the ventilation tubes of laryngectomized patients is 5% solids (26) . The high solids content of airway liquid in CF and asthmatic patients results in an unusually thick mucus that is poorly cleared and obstructs distal airways (7, 44) . The etiology of this thick airway mucus is incompletely understood. Several theories have been proposed to account for this high-solids airway mucus in these disorders, particularly in CF. Because of the hyperplasia of goblet cells and hypertrophy of submucosal glands in CF lung disease (36) and asthma (1) , the presence of thick mucus in the airways has long been attributed to mucus "hypersecretion." Findings that ciliary clearance of mucus is reduced in many CF patients, profoundly so in patients with advanced disease (31, 45) , suggest that the abundance of thick mucus in CF airways could be the consequence of reduced clearance, rather than augmented mucus secretion. Transepithelial Na ϩ absorption is elevated in CF airways (6) , giving rise to the notion that the macromolecular component of mucous liquid is abnormally concentrated by higher-than-normal rates of electrolyte and water absorption by the surface epithelium (12) . Observations that secretion of liquid from airway submucosal glands is reduced in CF (19, 34) and that the liquid emerging from CF gland ducts is significantly more viscous than that from non-CF gland ducts (18) support the hypothesis that mucin and liquid components of gland secretion are "uncoupled" in CF (16) . That is, loss of the CFTR-dependent anion secretion pathway creates thick mucus by selectively reducing the liquid component of gland secretion from serous cells, which normally express CFTR (14) , but not the biomolecular component of gland secretion from the mucous cells, which do not express this anion channel. CF disease is caused by loss-of-function mutations in the gene that codes for the CFTR (33), a Cl Ϫ and HCO 3 Ϫ channel, and all pathological consequences of this disease are necessarily linked in some way to the loss of this anion channel. No single genetic cause of asthma has been identified, and the factors that favor formation of the obstructive mucus in this disorder are poorly understood.
In a recent study (25) , the efficacies of the glandular secretagogues ACh, substance P, and VIP for induction of mucous liquid secretion from porcine bronchi were compared. ACh and substance P induced relatively high rates of liquid volume secretion, whereas VIP induced significantly lower rates of liquid volume secretion. Surprisingly, the concentration of the nonvolatile solids (i.e., percent solids) in the liquid was significantly greater when induced by VIP than by ACh or substance P. These observations suggest that the percent solids in airway mucus could be negatively related to the rate of liquid volume secretion. Using the same cannulated bronchus technique, where secretion can be assessed quantitatively and normalized to the airway mucosal surface area, we tested this hypothesis in the present study by evaluating the relationships between solids and liquid secretion in normal pig, non-CF human, and CF human bronchi.
MATERIALS AND METHODS
Pig bronchi. All procedures with swine were approved by the University of South Alabama Institutional Animal Care and Use Committee and complied with the US Public Health Service Policy on Humane Care and Use of Laboratory Animals. Domestic pigs (ϳ10 -20 kg) were obtained from Auburn University Swine Research and Education Center (Auburn, AL) and from a local vendor. Pigs were sedated by intramuscular injection of 1) ketamine (16 mg/kg) and midazolam (2 mg/kg) or 2) ketamine (16 mg/kg) and xylazine (7 mg/kg). Once sedated, the pigs were euthanized with a lethal overdose of pentobarbital sodium administered through an ear vein. The lungs were excised from the chest cavity, and intrapulmonary bronchi (ϳ30 -40 mm long, ϳ3-4 mm diameter) were dissected intact from the lung tissues. Side branches of the airways were ligated with suture. The isolated bronchi were immersed in 80 ml of Krebs-Ringer bicarbonate (KRB) solution baths at room temperature and slowly warmed (ϳ0.25°C/min) to 37°C. Once the solutions reached physiological temperature, the airways were pretreated for 45 min, if necessary, with bumetanide to inhibit transepithelial secretion of Cl Ϫ , dimethylamiloride (DMA) to inhibit HCO 3 Ϫ secretion, or the combination of bumetanide and DMA to inhibit secretion of both anions (42) . Then the airways were removed from the bath solutions, and all accessible liquid was aspirated from the airway lumina with Intramedic PE-50 tubing (Becton Dickinson, Parsippany, NJ) attached to a syringe. The airways were tied onto polyethylene cannulas with suture and returned to their respective bath solutions, where they were suspended vertically. Cannulation was performed to physically separate the airway lumen, into which liquid was secreted, from the external bath solution. One of three neurotransmitters (ACh, substance P, or VIP) was then added to the bath to induce liquid secretion. At 15 min prior to substance P addition, 1 M phosphoramidon, a protease inhibitor that prevents breakdown of substance P, was added to the bath. Similarly, 15 min prior to VIP addition, the protease inhibitors phosphoramidon (1 M) and thiorphan (5 M) were added to the bath to prevent VIP breakdown.
After 2 h of exposure to the neurotransmitters, the bronchi were removed from their baths and cannulas, the bronchi were sectioned lengthwise, and the luminal mucous liquid was collected with Eppendorf "Reference" 20 -100 ml-adjustable pipettes. To facilitate collection of the mucus, which was sometimes thick, the pipette tips were cut 2-3 mm from the ends to create a larger collection orifice. Collection of the mucous liquid from the bronchi required ϳ3 min. Independent assessment of the rate of evaporation of water from a mucous liquid sample exposed to room air for 6 h confirmed that this collection time had little effect on the sample volumes. The term "liquid" in this study is considered to represent water and all solutes dissolved or suspended in it, including physiological salts and biomolecules. This collection technique is expected to recover the free liquid and mucous gel in the airway lumen but little, if any, periciliary liquid. The liquid samples were placed in tared aluminum foil weigh boats, immediately weighed to determine their wet weight, and then dried overnight at 80°C. On the following day, the foil boats were weighed again to determine the sample dry weight. Liquid volume was taken from the wet weight of the samples (assuming 1 l ϭ 1 mg), nonvolatile solids mass was taken from the sample dry weight, and the volatile mass (assumed to be the water mass) was taken from the difference between the wet and dry weights. Mettler H20 (readability ϭ 0.01 mg) and Mettler Toledo XS64 (readability ϭ 0.1 mg) balances were used to weigh the samples. The inner airway surface area of each bronchus was estimated from tissue dimensions, as previously described (42) . The rates of total liquid volume secretion were normalized to the surface area (cm 2 ) and time (h). Inner surface areas of the pig bronchi were 2.61 Ϯ 0.06 cm 2 (n ϭ 48, maximum ϭ 3.92 cm 2 , minimum ϭ 2.02 cm 2 ). Human bronchi. All human lung tissues were obtained from explanted lungs removed from patients undergoing lung transplantation (Ochsner Clinic Foundation, New Orleans, LA), except for two tissues removed from potential transplant donors whose lungs were deemed unacceptable for transplantation (Life Alliance Organ Recovery Group, University of Miami, Miami, FL). Tissues from the Ochsner Clinic Foundation were collected immediately following surgery and transported by car to the University of South Alabama, where experiments were immediately initiated. The donor tissues were expressmailed overnight to the laboratory, and experiments were initiated immediately upon receipt of the tissue. Non-CF explanted lungs were obtained from two patients with idiopathic pulmonary fibrosis and one patient with emphysema. CF explanted lungs were taken from three ⌬F508 (c.1520_1522delTCT) homozygous patients, one ⌬F508 -3849ϩ10kb CϾT (c.3717ϩ12191CϾT) compoundheterozygous patient, and one 394delTT (c.395_396delTT)-3905insT (c.3773_3774insT) compound-heterozygous patient. Procedures for procurement of human tissues were approved by the institutional review boards of the participating institutions.
The human bronchi were dissected from the lung tissues, and the secretion experiments were performed as described above for porcine bronchi, except liquid secretion was induced with ACh or forskolin. No anion secretion inhibitors were used with human bronchi. Inner surface areas of the human bronchi (2.01 Ϯ 0.16 cm 2 , n ϭ 27, maximum ϭ 3.87 cm 2 , minimum ϭ 0.73 cm 2 ) were significantly smaller (P Ͻ 0.05) than those of the pig bronchi. Surface areas of the CF bronchi (1.79 Ϯ 0.26 cm 2 , n ϭ 13) tended to be smaller than those of the non-CF bronchi (2.21 Ϯ 0.19 cm 2 , n ϭ 14), but this difference was not statistically significant.
Solutions and drugs. KRB physiological salt solution (in mM: 112 NaCl, 25 NaHCO 3, 11.6 glucose, 4.7 KCl, 2.5 CaCl2, 2.4 MgSO4, and 1.2 KH 2PO4) was used for all experiments. Solution pH was maintained at 7.4 by constant bubbling of solutions with 95% O 2-5% CO2 gas.
Statistics and data analysis. All statistical comparisons and linear regression analyses were made using Sigmastat statistical software (version 2.03) and SigmaPlot 2000 graphics software. Modeling calculations were performed using QuatroPro 12 spreadsheet software. Data are expressed as means Ϯ SE. Student's t-test was used to compare parametric data. Nonparametric data were analyzed using the Mann-Whitney rank means test. P Ͼ 0.05 was considered the level of statistical significance. Figure 1A shows that relatively high rates of liquid volume secretion were induced by ACh and substance P (9.9 -15.4 and 10.4 -16.1 l·cm Ϫ2 ·h Ϫ1 , respectively), whereas VIP induced lower liquid volume secretion rates (2.9 -8.3 l·cm Ϫ2 ·h Ϫ1 ). A trend toward increased solids concentration (percent solids) with decreasing rates of liquid volume secretion is evident, particularly with VIP treatment. Figure 1B shows the effect of altering liquid volume secretion rate by treating tissues with variable concentrations of ACh. The liquid volume secretion rates were lower with 0.5-1.0 M ACh than with 10 M ACh. Similar to the responses shown in Fig. 1A , the percent solids was substantially higher in the liquid at lower (Ͻ6 l·cm Ϫ2 ·h Ϫ1 ) volume secretion rates. In Fig. 1C , the effect of reducing liquid volume secretion rate with anion secretion inhibitors on percent solids is shown. Liquid volume secretion was induced with 1 or 10 M ACh. The rate of liquid volume secretion was attenuated in some tissues with the combination of bumetanide, a Cl Ϫ secretion inhibitor that targets the basolateral membrane Na
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Pig bronchi.
Ϫ cotransporter in serous cells, and DMA, which blocks HCO 3 Ϫ secretion by inhibiting the Na ϩ /H ϩ exchanger in the basolateral membrane of serous cells, or bumetanide alone. Again, the percent solids was highest in the liquid volume samples that were secreted at the lowest rates. The highest percent solids, 19.9%, was seen at 0.5 l·cm Ϫ2 ·h Ϫ1 . Figure 1D shows that reduction of VIP concentration and pretreatment with bumetanide also reduced liquid volume secretion rate and increased the percent solids. The aggregate data from Fig. 1 , A-D, are shown in shown in Fig. 1E , where a consistent trend toward increased solids concentration at lower rates of liquid volume secretion is apparent. This negative relationship between solids concentration and liquid volume secretion rates is clearly curvilinear in this plot.
To better define the nature of the relationship between solids and liquid volume secretion, the total solids secretion rates in mass terms (mg·cm Ϫ2 ·h Ϫ1 ) were calculated from the dry weights of the samples and plotted against liquid volume secretion rates (l·cm Ϫ2 ·h Ϫ1 ) for all samples. Figure 2A shows that the rate of total solids mass secretion fell with reduced liquid volume secretion rates, even though the concentration of solids in the liquid (Fig. 1E ) was increased in these same samples. The solids mass secretion rates-liquid volume secretion rates relationship is linear throughout the range of measured values, as shown by the close fit of the regression line ( Fig. 2A ). This finding was unexpected, given the apparent nonlinear relationship between solids concentration and liquid volume secretion rates in Fig. 1E . Importantly, solids mass secretion rate appears to be directly related to the rate of liquid volume secretion, despite the broad range of manipulations used to alter liquid volume secretion rate. The rate of secretion of the evaporable component of the liquid volume secretion product, assumed to be water mass, was also determined. Water mass (mg) was taken as the difference between the wet weight and the dry weight of the samples. As expected, the rates of water secretion are highly correlated to liquid volume secretion rate (Fig. 2B) , since the water mass in the large majority of samples was Ͼ90%. The positive linear relationship between solids mass and liquid volume secretion rate also holds when a constant secretagogue concentration (10 M ACh) was used and the liquid volume secretion rate was altered with anion secretion inhibitors (Fig. 2C ). This finding suggests that the liquid volume secretion rate, not the agonist concentration, has the greater influence on the rate of total solids mass secretion in pig bronchi. 
the prediction of the percent nonvolatile solids (%solids pred ) for any value of J v will be given by
or
When Eq. 5 is used to construct a line defining the relationship between the percent solids and the J v values, the model line fits the experimental data very well (Fig. 2D ). Thus the negative curvilinear relationship between the percent solids and the rate of liquid volume secretion is caused by the disproportionately high solids mass secretion relative to water mass secretion (signified by the positive y-intercept) at relatively low rates of liquid volume secretion. If the regression lines for the solids mass and water mass secretion rates, as functions of the liquid volume secretion rate, passed through the origin, the percent solids would have been equal at all rates of liquid secretion. Non-CF human bronchi. As observed with porcine bronchi, the percent solids were also higher at low rates of liquid volume secretion in non-CF human bronchi (Fig. 3A) . This relationship does not appear to be influenced by the disease state. Similar to pig bronchi, the relationships of solids mass and water mass secretion to liquid volume secretion in non-CF bronchi were also linear (Fig. 3, B and C) . For non-CF human bronchi, the linear relationship between solids mass secretion and liquid volume secretion is J s ϭ 0.029110(J v ) ϩ 0.051814 (6) and the linear relationship between water mass secretion and liquid volume secretion is
Combining these two linear equations for the non-CF human data into a predictive model for percent solids and liquid volume secretion, as performed above for pig bronchi, we obtain
The model prediction line constructed from Eq. 8 is shown in Fig. 3D . This regression line fits the non-CF human data well and, similar to the pig bronchi responses, predicts very high percent solids at low liquid volume secretion rates. CF human bronchi. CF human bronchi exhibited greater variability in the percent solids and liquid volume secretion rates than porcine or non-CF human bronchi, and the percent solids were higher in most samples throughout the range of liquid volume secretion (Fig. 4A) . Nonetheless, CF bronchi, similar to pig and non-CF bronchi, produced the highest percent solids at low rates of liquid volume secretion. Unexpectedly, forskolin, a direct activator of adenylyl cyclase that is commonly used to identify CFTR-dependent anion secretion, induced appreciable levels of liquid volume secretion in some CF bronchi. The percent solids-liquid volume secretion rate 
relationship did not appear to be influenced by the CFTR mutation state (Fig. 4A ). When the rates of solids mass and water mass secretion are expressed as functions of the liquid volume secretion rate, the relationships are linear (Fig. 4 , B and C), as shown above for pig and non-CF human bronchi. The slope of the total solids mass secretion-liquid volume secretion relationship is notably greater than that for pig or non-CF human bronchi (Table 1) . For CF human bronchi, the linear relationship between solids mass secretion and liquid volume secretion is J s ϭ 0.069290(J v ) ϩ 0.044457 (9) and the linear relationship between water mass secretion and liquid volume secretion is
The predictive model generated from these linear equations for the CF human airway responses is
The model prediction for the CF bronchi responses is shown in Fig. 4D . An increase in the percent solids is predicted at low rates of liquid secretion, as seen with pig and non-CF human bronchi responses.
Model prediction plots for all three groups are shown together in Fig. 5 . The model lines for pig and non-CF human bronchi are similar, although the maximum rates of liquid volume secretion are higher for the pig. The model for CF human bronchi, however, differs from the pig and non-CF human models, in that the CF human bronchi model predicts higher percent solids at higher liquid volume secretion rates.
This effect is emphasized in the model predictions shown in Table 2 , where model predictions for percent solids were calculated at specific points throughout the approximate range of observed liquid volume secretion rates for each tissue group. These values indicate that all three groups of tissues produce liquid with very high percent solids (Ͼ13%) at very low rates of liquid volume secretion (0.5 l·cm Ϫ2 ·h Ϫ1 ). However, a divergence in the predicted values occurs at liquid volume secretion rates Ͼ2.0 l·cm Ϫ2 ·h Ϫ1 . In the CF bronchi, percent solids is predicted to be twice as high as in pig or non-CF bronchi at liquid volume secretion rates Ն4 l·cm Ϫ2 ·h Ϫ1 . This finding is consistent with the large slope of the solids massliquid volume secretion relationship in CF bronchi compared with pig (5.2-fold greater) or non-CF human (2.4-fold greater) bronchi (Table 1) .
Contribution of biomolecules to mucous solids. Mucous solids consist of inorganic physiological salts and organic biomolecules. We assumed that the total inorganic salt concentrations in all the mucous liquid samples were the same as in the KRB physiological salt solution bath liquid, since a prior study documented that the sum of the concentrations of Na ϩ , Cl Ϫ , K ϩ , and HCO 3 Ϫ in airway mucous liquid from porcine bronchi approximated that in KRB solution and did not change appreciably at secretion rates of 4 -13 l·cm Ϫ2 ·h Ϫ1 (42) . The percent dry weight of the KRB physiological salt solution used in the present study was previously reported to be 1.25% (25) . For each sample, the salts mass was calculated on the basis of this value and subtracted from the total mucous solids mass to obtain an estimate of the biomolecular mass. The biomolecular mass secretion rate (J biomol ) was then expressed as a function of liquid volume secretion for all three groups of airways. Figure 6A shows that the rate of biomolecular mass secretion in pig bronchi is relatively constant at all rates of liquid volume secretion. This finding suggests that the fraction of secreted solids that are correlated to liquid volume secretion is entirely composed of the physiological salts, the active and passive secretion of which creates the osmotic gradient to drive water secretion. As shown in Fig. 6 , B and C, subtracting the physiological salts from the total solids did not abolish the correlation of the solids mass flux with liquid volume secretion in the non-CF or CF human bronchi. Indeed, the slopes of the J biomol -J v relationship for the non-CF and CF human bronchi (Table 3) were reduced only by the magnitude of the total induced change from the J s -J v to the J biomol -J v relationship for the pigs (Table 1 ). The y-intercepts for all three groups were essentially unchanged by the conversion of J s to J biomol . When all CF and non-CF human J biomol values were compared, no significant difference was observed. However, in samples where J v was Ͼ2 l·cm Ϫ2 ·h Ϫ1 , J biomol was significantly greater (P Ͻ 0.05) in the CF than non-CF bronchi. These findings make several points. 1) The pig bronchi secrete a relatively constant level of biomolecular mass in response to all three secretagogues that is unrelated to the rate of liquid volume secretion and accounts for the high solids at the low rates of liquid volume secretion. 2) A substantial fraction of the rate of biomolecular mass secretion for both human airway groups is indeed correlated to the rate of liquid volume secretion.
3) The ratio of biomolecular solids secretion to liquid volume secretion was substantially higher (3.8 times) in the CF than non-CF bronchi (Table 3) .
DISCUSSION
Several important findings are reported in this study. 1) We observed that the percent solids in mucous liquid is negatively related to the liquid volume secretion rate in a curvilinear manner for all three groups of airways: normal pig, non-CF human, and CF human. That is, airways from all three groups (Figs. 2D, 3D , and 4D) are plotted for comparison. Regression parameters are from data plotted in Figs. 2A, 3B , and 4B. CF, cystic fibrosis; Js, total solids mass secretion; Jv, liquid volume secretion. secreted a very high-percent-solids mucus at low rates of liquid volume secretion. 2) We determined that the secretion of total solids mass by bronchial airways is directly related to the rate of liquid volume secretion, not to the concentration of the secretagogue. Coincident salts mass secretion accounts fully for this correlated mass secretion observed from pig bronchi, but not from non-CF human or CF human bronchi. 3) We found that CF bronchi secrete a high-percent-solids liquid, not only at low rates of liquid volume secretion, but also, on average, at higher rates of liquid volume secretion (Ͼ2 l·cm Ϫ2 ·h Ϫ1 ) compared with pig or non-CF human airways. This behavior of CF airways appears to be due to a higher rate of biomolecule secretion in these tissues than in tissues from pig or non-CF human airways.
The curvilinear relationship between the percent solids and the rate of liquid volume secretion was determined to be the consequence of two distinct linear processes, solids mass secretion and water mass secretion, as functions of the rate of liquid volume secretion. For all three groups of tissues, the y-intercept of the slope of the solids mass secretion-liquid volume secretion relationship is positive relative to the water mass secretion-liquid volume secretion relationship. Thus, as the rate of liquid volume secretion decreases, the concentration of solids (i.e., percent solids) in the mucous liquid increases, because the fractional solids mass increases in proportion to the fractional water mass. This effect becomes pronounced at very low rates of liquid volume secretion. Indeed, the models predict that the percent solids in the secreted liquid approaches 100% as the rate of liquid volume secretion approaches zero. This limit is unlikely to be reached in a physiological system. There is certainly some very low level of liquid volume secretion at which secretion of solids mass ceases, but this end point is not definable from these data.
Our data indicate that pig and human bronchi, even CF human bronchi, exhibit this property of producing a very high-percent-solids mucus at low rates of liquid volume secretion. Importantly, these findings indicate that even healthy airways have the potential to produce mucous liquid that is as thick as that measured in the airways of CF patients. Why then do normal airways not become obstructed by this high-solids mucous liquid when the rate of liquid secretion is low, the condition that likely dominates in the undiseased, unstimulated lung of healthy persons? We speculate that submucosal glands of the airways secrete liquid in response to an appropriate transient stimulus, such as local irritation and/or inflammation. Liquid volume secretion rates were estimated from regression models described for each airway group. Liquid volume secretion rates represent the approximate ranges of liquid secretion observed for each group. Fig. 6 . Effects of liquid volume secretion rates on biomolecular solids mass secretion rates in pig (A), non-CF human (B), and CF human (C) bronchi. For each sample, extracellular salts mass was subtracted from total solids mass to estimate biomolecular solids mass. A: slope of biomolecular solids mass secretion rate-liquid secretion rate relationship was not significantly different from zero, with r ϭ 0.128326. B: slope of biomolecular solids mass secretion rate-liquid secretion rate relationship was significantly different from zero (P Ͻ 0.05), with r ϭ 0.569590. C: slope of biomolecular solids mass secretion rate-liquid secretion rate relationship was significantly different from zero (P Ͻ 0.05), with r ϭ 0.772658. Slopes and y-intercepts for the 3 groups of tissues are shown in Table 3 .
The ability of submucosal glands in normal airways to cease liquid volume secretion entirely or to periodically secrete a large-volume, low-percent-solids liquid when needed probably protects against accumulation of the thick mucus within the airway lumen. Normal regulation of the airway surface liquid volume, particularly the depth of the periciliary liquid, by anion secretion and Na ϩ absorption across the airway surface epithelium may be capable of maintaining mucociliary transport and clearance of even very high-percent-solids mucous liquid as long as the volumes are relatively small. Because of the loss of CFTR activity in CF airways, the capacity for anion secretion by the surface epithelium of these tissues is likely to be fractionally reduced (40) , and mucociliary transport capacity is probably compromised to some degree by this reduced capability to augment periciliary liquid depth (4, 39) . Thus CF airways are expected to have greater difficulty clearing a high-percent-solids mucus load than non-CF airways. A persistent liquid volume secretion stimulus in a CF airway, such as a local infection, would probably exacerbate the clearance defect, as much larger volumes of high-percent-solids liquid would be produced from the glands. This notion is consistent with initial observations from CF pig airways, where densely staining mucous plaques are localized in early disease to focal areas, rather than all airway regions (38) . In non-CF human airways or normal pig airways, the same inflammatory stimulus would likely result in a larger volume of much thinner, lower-solids liquid that would facilitate, rather than impede, mucociliary clearance.
Our findings indicate that pig bronchi produce the biomolecular mass component of mucous solids at a relatively consistent level over a wide range of liquid secretion rates and secretagogue concentrations (Fig. 6A ). This observation is seemingly at odds with the well-known actions of muscarinic agonists as efficacious inducers of mucous liquid secretion from glands. However, Dwyer and co-workers (13), using freshly isolated submucosal gland cells from swine tracheas, determined that maximum glycoconjugate secretion was induced with only 30 nM ACh. The lowest concentration of ACh used in the present study was 500 nM; thus glycoconjugate secretion would be expected to be at its peak rate in all tissues treated with ACh. On the basis of previous studies with nonpulmonary tissues (27, 43) , mucous glycoprotein secretion should also be near maximal rates with the concentrations of substance P and VIP used in the present study. Consequently, the rate of biomolecular solids secretion should be relatively constant at all rates of liquid volume secretion, as seen in Fig.  6A . Indeed, the mucous liquid volume secretion rates in pig bronchi vary only by the quantities of physiological salts and water that are added to the biomolecular component, which is secreted at a constant rate. On the basis of findings from previous studies (3), we expect that all three of these agonists induce macromolecular secretion principally from submucosal glands. The goblet cells in the surface epithelium are poorly innervated and express few neurotransmitter receptors, suggesting that they would minimally contribute to macromolecular secretion induced by these agents (10) . However, secondary release of ATP and/or UTP from surrounding tissues could induce mucin release from goblet cells.
Unlike pig airways, human bronchi secrete a fraction of biomolecular solids that positively correlates to liquid volume secretion (Fig. 6, B and C) . Species differences in the sensitivity of biomolecule secretion processes to the secretagogues could account for the variation in responses between pigs and humans. Alternatively, the diseased human airways, particularly the CF tissues, are expected to exhibit goblet cell metaplasia in the surface epithelium and hyperplasia of mucous and serous cells of the submucosal glands (36) , and such remodeling could increase the capacity of these airways for secreting macromolecular mass. Additionally, chronic inflammation in the CF airways likely induces a hyperstimulated state that could result in a downregulation of neurotransmitter receptor expression and a shift in the EC 50 for the secretagogues to higher levels. We do not know which biomolecules account for the higher solids mass in the CF mucous liquid. Mucous plugs that form in airway lumina of CF airways stain avidly with antibodies for MUC5AC and MUC5B (7), suggesting that goblet and glandular mucous cells contribute to this mass; however, because degradation products of MUC5B and MUC5AC are present in CF mucus, it is difficult to conclude which mucin is the dominant secreted macromolecular species (9) . The observation that the viscosity of pilocarpine-induced mucous liquid at the duct openings of CF airway submucosal glands is elevated approximately threefold compared with mucous liquid from normal human glands (34) suggests that an important fraction of the high-solids mucus in CF mucus is secreted from the submucosal glands, which should be dominated by MUC5B. It should be considered that the biomolecular solids in CF mucus are not simply due to increased secretion of gel-forming mucins. Sputum induced from healthy persons contains Ͼ100 different biomolecules, with the gel-forming mucins only accounting for 20 -30% of the total mass (20) . Thus non-gel-forming proteins, perhaps secreted by gland serous cells, could contribute substantially to the high-biomolecular-solids mucus in CF. While the ratio of biomolecular mass to liquid volume secretion was lower in non-CF human than CF human bronchi, it was nonetheless higher than that in normal pig bronchi (Table 3) . We expect that this was also due to an elevated level of biomolecule secretion from these diseased tissues. Indeed, increased sputum production and goblet cell hyperplasia are characteristic of chronic obstructive pulmonary disease (32) , and cystic air spaces in the lungs of pulmonary fibrosis patients are frequently filled with mucin (21) .
The relationship we observed between percent solids and the rate of liquid volume secretion in the present study may have significant relevance to another important airway disease, status asthmaticus, a severe intractable asthma, where the central and peripheral airways become obstructed with mucus (15, 44) . The etiology of this complication of asthma is poorly understood. Typically, asthmatic patients are treated with inhaled ␤ 2 -adrenergic agonists to dilate airway smooth muscle and Biomolecular solids mass secretion (Jbiomol) values were determined by subtraction of estimated extracellular salts mass from total mucous solids mass. Regression parameters are from data plotted in Fig. 6. reduce airflow obstruction. Severe exacerbations in some status asthmaticus patients have been linked to the overuse of ␤ 2 -adrenergic agonists and, particularly, the use of long-acting ␤ 2 -agonists (41) . Feline airway submucosal glands, when treated with the ␤-agonist isoprenaline (isoproterenol), have been shown to induce liquid secretion at rates that are only ϳ10% of that induced by the muscarinic agonist bethanechol (30) . In the present study, one-tenth of the ACh-induced rate of liquid secretion by human bronchi corresponds to ϳ8 -10% solids, which is comparable to that previously reported for CF sputum (8) and severe asthma (11) . Therefore, it is plausible that sustained, low rates of glandular liquid secretion induced by ␤ 2 -agonists are sufficient to produce thick airway mucus that, over time, could occlude the lumen of the airways. Indeed, MUC5B, which is secreted principally from mucous cells of the submucosal glands, was found to account for Ͼ95% of the total mucin fraction from a mucous plug obstructing the airways of a status asthmaticus patient who died from this disorder (35) . This pathogenic process could be further exacerbated by the coadministration of cholinergic receptor antagonists, which are commonly prescribed along with ␤ 2 -agonists to maximally dilate airway smooth muscle in asthmatic patients (44) . These anticholinergic agents likely promote the production of thick mucus by blocking the normal muscarinic secretion pathway that is capable of inducing the high-volume, low-solids liquid secretion from submucosal glands that would augment clearance. In this way, the glandular airways in these patients could become locked into a state of high-solids mucus secretion, a condition that outwardly resembles the mucous obstruction that occurs in CF airways.
The surface epithelium of the bronchial and tracheal airways of most mammals studied actively absorbs Na ϩ (5), a process that provides the driving force for liquid absorption and regulates airway surface liquid volume (39) . The rate of active Na ϩ absorption is greater across CF nasal epithelium than non-CF tissues (6) . This greater absorptive force across the surface epithelium of CF airways is thought to create the high-percentsolids mucus that typifies this disease (12) . Because the mucous liquid collected in the present study represents a "net" secretion product, it is plausible that the higher ratio of solids mass secretion to liquid volume secretion in the CF airways could have been due to reduced liquid secretion or increased liquid absorption. That is, the higher-percent-solids mucus from CF airways could have been generated by reduced liquid secretion or increased liquid absorption in the face of uniform solids secretion. Indeed, if 73.5% of the liquid volume that was produced by the non-CF human bronchi was reabsorbed across the surface epithelium without changing the solids secretion rate, the slope of the J biomol -J v relationship would approximate that observed for the CF human bronchi. On the other hand, a reduction in liquid volume secretion rate of approximately the same magnitude would also produce a comparable concentration increase in the slope of the J biomol -J v relationship. Two observations argue against a significant role of Na ϩ hyperabsorption in these results. 1) We found that the biomolecular solids secretion rates were significantly higher in the CF than the non-CF airways at liquid volume secretion rates Ͼ2 l·cm Ϫ2 ·h Ϫ1 , which favors the hypersecretion of biomolecular solids hypothesis. 2) Uniform hyperabsorption of salt and water from all samples from the CF bronchi should have caused a uniform leftward shift in the J s -J v curves, which would have raised the y-intercept relative to that of the non-CF bronchi. However, the y-intercepts of these relationships from the CF and non-CF bronchi are very similar (Table 1) . On the other hand, it is possible that higher rates of salt and water absorption occur in CF airways but that the time required to reabsorb sufficient salt and water from the surface liquid to generate a high-percent-solids mucus is well beyond the 2-h time frame of the present study. Resolution of this issue requires additional study.
We observed that several CF airways secreted relatively high rates of liquid volume (5-7 l·cm Ϫ2 ·h Ϫ1 ) when treated with forskolin, an activator of adenylyl cyclase. Since CFTR is activated by cAMP-elevating agonists (2), this secretagogue is often used to distinguish between CFTR-dependent and -independent anion secretion. However, at least two prior studies indicate that a substantial transepithelial anion secretion response can be generated in CF respiratory epithelia by application of forskolin. Sustained transepithelial Cl Ϫ secretion requires activation of 1) apical membrane anion channels, which provide the anion efflux pathway from the cells' interior, and 2) basolateral membrane K ϩ channels, which raise the electrical driving force for anion efflux by hyperpolarizing the cells. MacVinish et al. (24) showed that forskolin stimulated anion secretion in nasal epithelia of CF and wild-type mice. They attributed this response to forskolin-induced elevation of intracellular Ca 2ϩ , which activated basolateral membrane K ϩ channels, and the relatively high resting activity of murine apical membrane Ca 2ϩ -activated Cl Ϫ channels, which provides an apical membrane efflux pathway for anions, despite loss of functional CFTR. Lee and Foskett (22) also demonstrated that forskolin elevates intracellular Ca 2ϩ concentrations in gland serous cells from humans and pigs. They showed that forskolin alone induced increases in intracellular Ca 2ϩ concentrations sufficient to activate basolateral K ϩ , but not apical Ca 2ϩ -activated Cl Ϫ , channels. However, forskolin importantly potentiated the anion secretion responses of other Ca 2ϩ -elevating secretagogues sufficiently to induce secretion responses, even in CF pig and CF human serous cells. In the present study, we used freshly dissected, intact airways obtained from explanted lungs of patients with end-stage CF lung disease. Numerous autacoids and inflammatory substances, including substance P (17), bradykinin (29) , neurokinin A (28), and ATP (37), would be expected to be present at some level in the interstitium of these inflamed tissues. All these agents are glandular secretagogues that elevate intracellular Ca . We speculate that forskolin could have potentiated the background secretion responses induced by these agonists.
In summary, we observed that the percent solids present in airway liquid was negatively related to the liquid volume secretion rate and that high percent solids, comparable to that seen in asthma and CF, was induced in normal airways when the secretion rates were low. Additionally, we found that bronchi from CF explanted lungs, on average, produced mucous liquid with higher percent solids than pig or non-CF human bronchi at higher rates of liquid volume secretion. Our observations have important relevance not just to CF airway disease, but perhaps to intractable asthma as well.
